Objective: Although survivors of congenital diaphragmatic hernia (CDH) are at high risk for brain injury, little is known about their neurodevelopment. Studies exploring short-term outcomes in children who received extracorporeal membrane oxygenation (ECMO) therapy suggest an increased risk for abnormalities in tone and/or motor development. This study provides the first detailed examination of visual and fine-motor outcomes in adolescent survivors of high-risk CDH (manifesting within the first 24 h) who did not receive ECMO.
Introduction
Congenital diaphragmatic hernia (CDH) refers to an anatomical anomaly, in which there is herniation of the abdominal viscera into the thoracic cavity. Mortality rates of 40 to 60% were reported a decade ago; 1 with changes in medical management, these rates have now dropped to B17% in Canadian centers. 2 With more infants surviving, it has become increasingly evident that CDH carries a high risk of morbidity, with feeding problems, respiratory infections, sensorineural hearing loss and neurological complications being major areas of concern. 3, 4 Risk factors for neurological complications include perinatal asphyxia and hypoxemia, hyperventilation and alkalinization therapy, as well as treatment with extracorporeal membrane oxygenation (ECMO). 5, 6 Most outcome studies have focused on short-term outcomes of CDH survivors who received ECMO therapy. Findings from these studies indicate a high risk of brain abnormalities (37.5 to 77%), [7] [8] [9] hearing loss (30%) 8 and developmental delay, often shown by abnormalities in tone, delayed motor development and/or motor difficulties in the first few years of life (23 to 75%). [7] [8] [9] [10] [11] [12] Survivors of high-risk CDH (that is, those with CDH manifesting within the first 24 h of life) who did not receive ECMO seem to have fewer problems as young children than do those who were treated with ECMO. Three studies examining outcomes in this group from 2 to 5.5 years reported that 0 to 19% were developmentally delayed, 5, 13 8 to 9.5% were hearing impaired 5, 8 and 8 to 13% had brain abnormalities, which affected locomotion in some children. 8, 13 However, it is worth noting that, in one recent study that used magnetic resonance imaging, infant survivors of CDH who did not receive ECMO were found to be at very high risk for brain abnormalities. 14 Although there is some research examining long-term physical, psychological and social functioning in survivors of high-risk CDH who did not receive ECMO, 15 outcomes in the motor domain are unclear. Almost nothing is known about fine-motor outcomes in later childhood and adolescence, despite the important role these skills play in many activities of daily living and in many school-related tasks. The purpose of this study was to compare the visual, visuomotor and fine-motor skills of a group of adolescent survivors of high-risk CDH, who did not receive ECMO, with those of typically developing peers.
Materials and methods

Participants
A cohort of 56, 10-to 16-year-old survivors of high-risk CDH were identified from the medical records at the Hospital for Sick Children in Toronto, Ontario, Canada. At the time these children were born, high frequency oscillating ventilation was used as a rescue therapy rather than ECMO. 16 Although ECMO was available at our institution, it was considered a treatment of last resort, restricted to babies who were not expected to survive without such treatment. None of the surviving children that we identified from our records had received treatment with ECMO.
Of the group of 56 survivors, 1 child was excluded because of a lack of proficiency in English, 20 refused to participate, 19 were lost to follow-up or could not be contacted and 1 had died in childhood. This left a sample of 15 children. Two of these children (13.3%) were found to be globally delayed, obtaining Full Scale intelligence quotients (IQs) of 40 and 49, respectively. As a result, they were unable to complete this battery of tests. For this reason, the statistical analyses reported below were performed on data obtained from the remaining 13 CDH survivors (9 boys, 4 girls; age range 10.0 to 15.9 years). Although this is a small sample, the participants were highly representative of the total cohort. Thus, a series of independent sample t-tests and w 2 -tests showed that the groups of participating and non-participating CDH children were comparable in terms of gender distribution, mean gestational age, 1-and 5-min Apgar scores, antenatal diagnosis, side of hernia, need for surgical patch, mean duration of respiratory support and supplemental oxygen, use of alkalinization therapy and muscle paralysis agents, history of bronchopulmonary dysplasia and need for gastrostomy tube feeds.
Data were also collected from a group of 11 typically developing controls (7 boys, 4 girls; age range 10.0 to 16.5 years) recruited from the community. These children were comparable with those in the final CDH sample in terms of age at testing (independent sample t-test), gender distribution (w 2 -test), parental education and annual family income (Mann-Whitney U-tests).
The study protocol was approved by the Human Research Ethics Boards at the Hospital for Sick Children and the University of Manitoba, and all children participated with the informed consent of their parents.
Tests and testing procedures
Information about a range of potentially relevant medical variables was extracted from the medical charts of the children in the clinical sample, with parental permission. In addition, parents of all participating children completed a background questionnaire that provided information about parental educational levels and annual household income, along with information regarding their children's gross motor development and self-help skills.
Intelligence was assessed using the Wechsler Intelligence Scale for ChildrenFThird Edition (WISC-III). 17 This test yields Verbal, Performance and Full Scale IQ ratings. In addition, a range of tests was used to assess different aspects of visual-perceptual and motor function. The specific domains assessed and a brief description of each instrument are provided in Table 1 . Standard administration and scoring procedures were followed for all tests.
Results
Early medical histories and developmental milestone attainment Details of the early medical histories of the 13 children in the final clinical sample are provided in Table 2 .
According to parental report, the CDH children were slower than controls to begin walking independently 24 indicated that 70% of our CDH sample reached this milestone later than 75% of typically developing peers. Age of attainment for sitting and crawling were also slightly delayed and more variable in the CDH sample, although these differences were not statistically significant.
Three CDH children (23.1%) had received occupational therapy support and two (15.4%) had received physiotherapy support in early childhood to address functional motor concerns. None of the parents reported concerns with activities of daily living at the time of this assessment; thus, all of the children were rated as independent in feeding, dressing, bathing and toileting.
Adolescent visual and fine-motor outcomes
The WISC-III IQ and individual subtest scaled scores were submitted to one-way ANOVA (analysis of variance) tests. Raw scores on the remaining outcome variables were analyzed using ANCOVA (analysis of covariance) tests, which controlled for participants' age (in months). Hand used (dominant or non-dominant) was included as a repeated measure in the analyses of grip strength, Finger Tapping and Grooved Pegboard scores. In the latter test, Task (that is, peg placement or removal) was included as a second, within-subjects factor. All tests were evaluated at an a-level of 0.05. Descriptive statistics for all of the outcome measures are presented in Table 3 .
IQ scores. The two groups of children did not differ significantly in terms of Full Scale, Verbal or Performance IQ, F(1,22) <1.0, P>0.30 in all cases. However, on each of the IQ scales, the range of scores in the clinical sample was quite broad (see Table 3 ). Two of the CDH children (15.4%) had Full Scale IQs and Verbal IQs below 85, and three (23.1%) had Performance IQs below 85. Scores Grip strength. A trend (P<0.10) was observed for CDH participants to show reduced grip strength overall. However, through a series of partial correlations (that controlled for age at test), we confirmed that grip strength did not correlate with performance on any other test. It is unlikely, then, that individual differences in grip strength affected the performance on other tests that required a motor response.
Motor-free tests of visual sequencing ability and closure. There were no group differences in the performance on the Hooper Visual Organization Test or on either the Picture Arrangement or the Picture Completion subtests of the WISC-III. Thus, the performance of CDH survivors on motor-free tests requiring visual sequencing and closure was comparable with that of controls.
Visual discrimination and scanning. No group differences emerged on either the Coding or the Symbol Search subtests from the WISC-III. Tests of simple main effects showed that, relative to controls, CDH participants were slower to place the pegs when using their nondominant hand. The analysis of peg removal scores showed that CDH participants were slower to remove the pegs, regardless of the hand used; Group main effect, F(1,21) ¼ 5.49, P<0.05.
Constructional ability. The WISC-III includes two subtests of visuoconstructive ability, namely Block Design and Object Assembly. The two groups did not differ significantly in their performance on the former subtest, but CDH participants achieved slightly lower mean scores than controls on Object Assembly, F(1,22) ¼ 3.56, P<0.10. Stronger evidence for problems with constructional/visual-motor integrative skills came from an examination of drawings made during the copying phase of the Rey-Osterrieth Complex Figure test . Participants' drawings were scored for accuracy using an established scoring system. 25 In this system, each of the 18 elements is scored out of 2 points, for a total possible maximum score of 36. A significant main effect of Group was seen for copy accuracy, F(1,21) ¼ 7.99, P<0.05, with CDH survivors scoring significantly below controls.
Oral motor control. In the Rapid Syllable Repetition test, CDH participants showed more difficulty than controls in producing sequences of both single oral movements, F(1,21) ¼ 9.17, P ¼ 0.01, and multiple oral movements, F(1,21) ¼ 4.01, P ¼ 0.058.
It may be profitable to explore, in future work, the relationship between oral-motor difficulties and feeding-or growth-related outcome measures in more detail. Unfortunately, we were unable to explore such links in this study, as we did not have information about participants' early feeding histories or detailed growth curves. All that we are able to say is that none of the children in the final clinical sample had required a gastrostomy tube to support non-oral feeding in infancy (see Table 1 ), and that parents of all these children rated them to be 'independent' in their current feeding skills.
Relationships between medical and outcome variables Earlier research has suggested a number of possible medical predictors of poor outcome/neurodevelopmental delay in CDH survivors. 5,6,13,26 -29 . As can be seen from Table 2 , this sample of 13 CDH children was quite homogeneous with respect to several of these variables, including history of prenatal drug or alcohol exposure, side/severity of hernia, diagnosis of bronchopulmonary dysplasia and treatment with steroids or alkalinization therapy. This made it difficult to ascertain the effect of these variables on test performance. However, we did measure associations between adolescent outcome measures and several continuous variables, including 1-and 5-min Apgar scores, highest measured preand post-operative pH and CO 2 levels and duration (in days) of (1) muscle paralysis agent use, (2) mechanical ventilation and (3) supplemental oxygen therapy. Correlations (or partial correlations controlling for age, where appropriate) were computed. Unless otherwise noted, correlations reported below were significant at an a-level of 0.05.
One of the milestones reported by parents of the CDH children, age of attainment for independent walking in childhood, was significantly correlated with both the number of days that the child was on mechanical ventilation (r ¼ 0.64) and with the number of days the child was on supplemental oxygen (r ¼ 0.74). This is noteworthy because quite a number of children in the CDH sample were delayed in reaching this milestone.
The medical variable that showed the strongest relationship with intellectual outcome in adolescence was highest post-operative CO 2 . This variable was positively correlated with Full Scale IQ (r ¼ 0.64), Verbal IQ (r ¼ 0.58) and Performance IQ (r ¼ 0.60). Verbal IQ was also negatively correlated with highest pre-operative pH (r ¼ À0.56).
Of the specific adolescent visual and fine-motor outcome measures, the one that was most strongly associated with the medical variables under study was Finger Tapping. Finger Tapping scores were positively correlated with Apgar scores at 1 min (r ¼ 0.71 and r ¼ 0.75 for dominant and non-dominant hand, respectively) and at 5 min (r ¼ 0.72 for dominant hand), and negatively correlated with the highest post-operative pH (r ¼ À0.65 and r ¼ À0.69, for dominant and non-dominant hands, respectively). Severity of hypocapnia (indexed by post-operative pH and CO 2 measures) was also modestly related (P<0.07) to poorer performance on Object Assembly, Picture Arrangement and Block Design. Although not significant, the strength of these latter associations is impressive, given the small sample size, and warrants further investigation.
Discussion
This study provides the first examination of long-term visual and fine-motor outcomes in adolescent survivors of high-risk CDH who did not receive ECMO treatment. Severe cognitive impairment (Full Scale IQ <50) was observed in 13.3% of eligible participants; as a result, these children were excluded from further testing. The majority of the remaining survivors (all of whom had Full Scale IQs >70) showed delayed gross-motor milestone attainment as toddlers, and as a group, these children had poorer oral motor control and visual-motor integration skills than typically developing peers. Difficulties with visual-motor integration could not be reduced to problems with hand strength, or to difficulties with visual-perceptual function or scanning.
Past research has suggested a link between hypocapnia and brain injury. [30] [31] [32] [33] It must be recollected that, as a group, our CDH participants had abnormally high pH and abnormally low CO 2 , both pre-and post-operatively (see Table 2 ). The CDH survivors who showed the best intellectual and motor outcomes were those whose pH and CO 2 levels were closest to the normal range. As increased pH and low CO 2 are signs of metabolic derangements associated with hyperventilation, these findings lend support to the proposed link between hypocapnia and brain injury. As the clinical management of CDH children has changed over the past decade, with avoidance of hyperventilation being encouraged, 34 outcomes for CDH patients born after this study group may differ from those reported here. Nonetheless, these findings may prove useful in guiding prospective research with, and follow-up practices for, CDH patients. They also contribute to our understanding of the effects of hypocapnia or hyperventilation on the developing brain.
The finding that CDH children were delayed in their attainment of walking is consistent with the results of outcome studies of ECMO-treated CDH survivors, which have described abnormalities in tone, delayed motor development and/or motor difficulties in the first few years of life. [7] [8] [9] 11, 12 In a follow-up study, Davenport et al. 13 found that the mean age at which CDH children first walked was within developmental expectations. However, in this study, the range in ages at which this milestone was reached was broad (10 to 24 months), and scores on this variable were positively correlated with the length of time the child had spent on intermittent positive pressure ventilation. In this study, this variable was positively correlated with the number of days that the child had been on either mechanical ventilation or on supplemental oxygen. This result is noteworthy because the age at which a child begins to walk independently has been found to be related to a range of outcome variables in non-clinical samples, including educational attainment and school achievement, 35 as well as superior cognitive categorization skills. 36 As we know that survivors of high-risk CDH who did not receive ECMO are at high risk for clinically significant impairment in cognitive, academic and behavioral domains, 37 it may be useful to make clinicians aware of the predictive value of this measure, which can be reliably reported by parents. 38, 39 Given the importance of early identification of potential problem areas, one challenge for the future will be to improve our ability to predict outcomes in these areas.
